It is necessary to acquire osseointegration at an early stage in implant therapy, and a number of various approaches using titanium and cells have been evaluated. Mesenchymal cells exist in dental pulp and have been confirmed to form osseous hard tissues in vitro. However, there have been few studies on the application of dental pulp-derived stem cells in implant therapy. In this study, we cultured osteoblast-like cells derived from rat incisor pulp on titanium discs and evaluated their proliferation and differentiation potential. We further examined the possibility of applying dental pulp-derived cultured cells during titanium implant placement. Dental pulp cells were collected from the incisors of SD rats and then cultured on titanium discs. The titanium discs were treated with sulfuric acid after sandblasting with alumina. Cell proliferation and differentiation potential was evaluated by WST-1 assay, alkaline phosphatase (ALP) activity, and Alizarin red staining. Finally, the dental pulp-derived cultured cells were used in an implant test to measure the mechanical strength of the bone-titanium integration. ALP activity was significantly increased in cultured cells after 10 days compared with that after 5 days. The area of Alizarin red-positive staining increased significantly in a time-dependent manner upon incubation for 10, 20, and 30 days. The mechanical strength achieved at 2 weeks after implantation in the experimental group was significantly greater than that in the control group. These results demonstrate that osteoblast-like cells derived from rat dental pulp and cultured on surface-treated titanium discs maintained their cell differentiation potential. The results of the implant test cultured the potential application of dental pulp-derived cells to rapidly achieve osseointegration of titanium implants.
Introduction
Currently, implant therapy is widely regarded as an effective therapy for occlusion recovery. The survival rate and success rate of implants used in various patients has been reported, with the 5-year implant survival rate ranging from 90 to 98% 1, 2) , whereas the 10-year survival rate ranges from 89 to 95% [3] [4] [5] , indicating an extremely high survival rate. However, the success rate tends to be lower than the survival rate. In addition, many cases of early failure have been reported when implant therapy fails, where osseointegration is not achieved after implantation of the implant fixture 6) . Generally, titanium is the most commonly used material in implant therapy. Titanium is lightweight, with strong mechanical strength, superior biocompatibility, and the potential for fixation through osseointegration between the titanium and bone surfaces.
Obtaining osseointegration at an early stage is indispensable for the success of implant therapy. Osseointegration is defined as the absence of soft tissue between the titanium and bone tissue at an optical microscopic level, with the titanium functioning as an artificial tooth root 7, 8) .
This osseointegration requires approximately 6 months in the upper jaw and approximately 3 months in the lower jaw after implantation 9) , but prosthetic treatment is impossible during this time. To shorten this timeframe, improvements have been made to the methods for processing the implant body surface and to the implantation methods [10] [11] [12] [13] .
The presence of stem cells in dental pulp has been recently discovered and reports indicate that these cells secrete bone matrix proteins in culture, forming bone-like hard tissue 14, 15) . Various cells are present in dental pulp, but dental pulp mesenchymal stem cells have cell proliferation and the ability to differentiate into a variety of different tissues; thus, research on these cells is flourishing with the aim of clinical application, including in periodontal tissue regeneration 16) . Dental pulp stem cells having calcification ability, and are considered to be a type of mesenchymal stem cell 17) . Mesenchymal stem cells can be collected from various tissues and bone marrow-derived stem cells are currently being examined as a cell source for regenerative medicine. However, iliac bone marrow puncture is needed to obtain the bone marrow aspirate, which places a significant burden on the patient. Moreover, the aspirate is difficult to collect in a dental clinic. In contrast, dental pulp-derived cells can be obtained from extracted wisdom teeth, which is an easier means of collection compared with that for bone marrow-derived stem cells 16, 18, 19) . However, there have been few reports on the application of dental pulp-derived cells in implant therapy.
In this study, we cultured dental pulp-derived cells from rat incisors, differentiated them into osteoblast-like cells, cultured these cells on titanium disks, and investigated their cell proliferation and differentiation potential on the titanium surface. We also transplanted a cylindrical titanium implant and infused the cultured cells into rat femurs to verify the effect of dental pulp-derived cells on osteogenesis in vivo, the osseointegration of the implant, and the mechanical strength and histology of the implant.
Materials and Methods

Titanium samples and surface characterization
The experimental samples were machined, pure titanium disks (diameter 20 mm, thickness 1 mm, Grade 2, Nishimura Metal Ltd, Fukui, Japan) prepared for in vitro study. Cylindrical titanium implants (diameter 1 mm, length 2 mm, Grade 2; Nishimura Metal Ltd, Fukui, Japan) were used as experimental samples for in vivo study. The surfaces of all samples were prepared by sandblasting with alumina (diameter 50 µm) followed by acid-etching with 67% sulfuric acid solution at 125°C. The surface morphology of the disks was examined by scanning electron microscopy (SEM; VE-9800, Keyence Co, Osaka, Japan).
Cell Culture
Dental pulp tissue was extracted from both the upper and lower central incisors of 8-week-old male Sprague-Dawley rats (Japan SLC, Hamamatsu, Japan). The upper and lower central incisors were carefully pulled out, and the periodontal tissue and other soft tissues were removed from the root part of the teeth; the incisal tip and root parts were then cut to allow the pulp tissue to be washed out. The extracted tissue was treated with 1 mg/ml collagenase (Sigma, St. Louis, MO , USA) in 0.25% Trypsin-EDTA (Life Technologies, Carlshbad, CA, USA) at 37°C for 15 min. The pellet of the released cells was centrifuged at 10,000 rpm for 5 min and re-suspended in α-modified Eagle's medium supplemented with 15% fetal bovine serum (Biowest, Nuaillé, France), 50 µg/ml ascorbic acid (Gibco, CA, USA), 10 mM Na-β-glycerophosphate (Sigma, Missouri, USA), 10 -8 M Dexamethasone (Sigma, Missouri, USA), and antibiotic-antimycotic solution (Gibco). The cells were incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C and detached using 0.25% trypsin-EDTA, following which they were seeded onto titanium disks at a density of 5 × 10 4 cells/cm 2 at 80% confluency. The culture medium was renewed every 3 days. The Aichi Gakuin University Animal Research Committee approved this protocol, and all experimentations were performed in accordance with the University Research Guideline (No. 104).
Cell proliferation assay
A WST-1 cell counting kit (Wako, Tokyo, Japan) was used to measure cell proliferation. The titanium disks were moved to a new 12-well culture plate and washed with PBS. WST-1 reagent (100 µl) was added to 1,000 µl culture solution and incubated for 60 min to obtain a color reaction. The reagent was then moved to a 96-well culture plate, and absorbance was measured at 450 nm using a spectrophotometer (Microplate Reader 680, Bio-Rad, CA, USA), and cell density was measured as a relative value.
Alkaline phosphatase (ALP) activity
At days 5 and 10 of culture, the ALP activity of cells was measured using LabAssay TM ALP (Wako Pure Medicine Industries, Osaka, Japan). Titanium disks were moved to a new 12-well culture plate and washed with PBS. Then, 100 µl buffer substrate was added and the plates were incubated for 10 min to obtain the color reaction. Subsequently, 100 µl of the reaction liquid was moved to each well of a 96 well-plate, and absorbance was measured at 405 nm using a spectrophotometer.
Mineralization assay
At days 10, 20, and 30 of culture, the mineralization capability of cultured cells was examined by the mineralized nodule area and calcium colorimetry-based assays. Alizarin red stain was utilized to visualize the mineralized nodules of the cells. Titanium disks were moved to a new 12-well culture plate and fixed using 10% formalin solution (Muto Pure Chemicals, Tokyo, Japan) for 10 min. Cells were then washed with pure water and stained with Alizarin red stain, having pH adjusted to 4.1-4.3. After staining, the titanium disks were washed 4 times with pure water. The titanium disks were then photographed with a digital camera, and the positive reaction area was quantified using the image processing software ImageJ (NIH, Bethesda, MD).
Placement of cylindrical titanium implants
The Sprague-Dwaley rats were first anesthetized with 2% isoflurane. After shaving, an incision was made in the femoral area, the muscle and periosteum were avulsed, and the femoral bone was exposed. A stoma was formed at 10 mm from the kneecap with a 0.8 mm dental round bar (E0123, Dentsply Maillefer, Ballaigues, Switzerland), which was widened with a #90 K file (06026, Ormco, Orange, CA) to form the bone hole. For the experimental group, the cultured cells were collected using trypsin-EDTA immediately before the implant procedure and the implant was inserted immediately after infusion of the cells into the implantation prepared hole. The cell concentration was adjusted to 5×10 4 cells/µl. For the control group the implant was inserted without cell infusion. The muscle and dermis were then sutured closed. 11) (Fig. 1) The implant biomechanical push-in test was used to assess the biomechanical strength of bone-implant integration, and is described elsewhere. At weeks 2 and 4 of healing, the femurs containing a cylindrical implant were harvested and embedded in auto-polymerizing resin (GC, Tokyo, Japan) with the top surface of the implant level. The testing machine (EZ-S, Shimadzu Manufacturing, Kyoto, Japan) equipped with a 2000 N load cell and a pushing rod (diameter 0.8 mm) was used to load the implant vertically downward at a crosshead speed of 1 mm/min. The push-in value was determined by measuring the peak of the load-displacement curve. Cylindrical implants were placed into the femurs of 7 rats each for the experimental group and the control group.
Implant biomechanical push-in test
Data analysis
The significant differences between groups was calculated using unpaired Student's t test corrected with Microsoft Excel (for Mac 2004 Version 11.6). The level of statistical significance was defined at p < 0.05. All statistical analyses were conducted using Microsoft Excel for Mac 2004, ver. 11.6.
Results
Surface characteristics of the titanium
The surface treated titanium had a convex and concave structure with diameters of approximately 42.6±13.4 µm. The surface ultrastructure was also confirmed upon magnification to consist of stoma with diameters of approximately 1.9 µm ( Fig. 2a, b ). 
Cell proliferation (WST-1)
The cell proliferation on the titanium disks showed a mean absorbance value of 0.06 on day 1 of culture. This increased to 0.1 after 3 days, demonstrating a significant increase compared with that on day 1 day after cell seeding (p < 0.05) (Fig. 3) .
Measurement of ALP activity
The ALP activity of the cultured cells was 1.21 mM/l on day 5 of culture. This increased to 2.04 mM/l on day 10 of culture, demonstrating a significant increase compared with that on day 5 of culture (p < 0.01) ( Fig.4) .
Evaluation of calcification
The area of Alizarin red stained mineralized nodules of cells cultured on the titanium disk was significantly increased over time, from 6.3% on day 10 after initiation of culture, to 18% on day 20 and 31% on day 30 of culture ( Figs. 5 and 6a-c) .
Push-in test
The mechanical strength of the bone-titanium integration at 2 weeks after implantation was 13.4 N in the experimental group and 5.7 N in the control group, demonstrating a significant increase (Fig. 7) . This increased to 60.1 N in the experimental group and 40.0 N in the control group at 4 weeks after implantation, again demonstrating a significant increase (p < 0.05).
Discussion
Surface treatment of Titanium
In this study, we treated the surface of titanium with sulfuric acid after alumina sandblasting, which is widely used in clinical practice at present and has been reported to produce favorable clinical results [20] [21] [22] . In vitro studies comparing titanium surface immediately after treatment with acid against that after a certain length of time following acid treatment revealed that cell adhesion and cell proliferative capability on titanium surface declines over time. This phenomenon is reported to peak at 4 weeks after surface treatment, plateauing thereafter 23) . In vivo reports indicate that delaying the period until acquiring the bone-implant integration reduces the strength of the bone-implant integration 23) . Based on these findings, we used titanium disks and cylindrical titanium implants that had been stored at room temperature in the dark for one month after surface treatment.
Cell culture of dental pulp derived cells
It is known that dental pulp cells contain mesenchymal stem cells, which are pluripotent cells 16) . It has also been discovered that mesenchymal stem cells differentiate into other cells including adipocytes, chondrocytes, and myoblasts [24] [25] [26] . iPS cells have attracted much attention as cells used in regenerative medicine and there have been reports of iPS cells established from dental pulp-derived cells 27) . However, many aspects of this technology need addressing, including the necessity of gene transfer into cells for establishing iPS cells, as well as the poor productivity of these cells. Recent studies have clarified the utility of dental pulp-derived cells as a cell source for regenerative medicine 17) . Dental pulp-derived cells are reported to be particularly superior in terms of their ability to differentiate into bone tissue, as well as because of their high colony formation ability, proliferation potential, and pluripotency compared with that of the bone marrow-derived cells 19, 28) . In this study, we differentiated dental pulp-derived cells into osteoblast-like cells using osteoblast differentiation media. Dexamethasone and β-glycerophosphate, which are supplements added to the culture medium, induce mesenchymal stem cells to form hard tissue-forming cells, and are used in many experimental systems as agents to promote differentiation to bone tissue 29, 30) . These supplements promote ALP activation and OCN expression in many osteoblast precursor cells, including mesenchymal stem cells, along with the promotion of calcification of the substrate. They are also known to promote calcification of the extracellular matrix in osteoblasts during the final differentiation process and to form bone-like nodules. Ascorbic acid has been reported to promote formation of the collagen matrix and to promote the uptake of bone morphogenic protein (BMP) into the formed collagen matrix 31) .
Cell proliferation
The WST-1 cell counting kit used in this experiment is a reagent for quantifying cell proliferative capability and cell viability using color measurement. The trend of increased cells on the surface of surface-treated titanium disks from day 1 to day 3 after cell culture was consistent with findings from studies on osteoblasts derived from rat femur bone marrows 30) , suggesting that dental pulp-derived cells may have cell proliferation on surface-treated titanium disks.
Cell differentiation
The trend in increased ALP activity 10 days culture compared with that at 5 days after culture was consistent with the findings on osteoblast cultures. ALP mRNA expression is reported to decline once calcification begins 15, 32, 33) . ALP is also reported to hydrolyze pyrophosphoric acid and promote the growth of hydroxyapatite crystals in matrix vesicles by increasing the local concentration of phosphoric acid, because of which it is used as a medium-term indicator for osteoblast differentiation 34, 35) . The dental pulp-derived cells in this experiment were at the medium-term stage of differentiation at 10 days culture, and so calcification was thought to have started (36) . Alizarin red, which is an anthraquinone derivative, has been used as a staining method that directly proves the presence of calcium deposits, by binding with calcium 37) . In this experiment the increased area of mineralized nodules detected by Alizarin red staining over time indicated the deposition of calcium. These results were similar to those obtained in an experiment using mouse osteoblast-like cell strains (MC3T3 cells) and bone marrow-derived cells 30) cultured on titanium, demonstrating that rat dental pulp-derived cells could differentiate into osteoblast-like cells with calcification capabilities on the titanium surface. 
Push in test
In this study we implemented an in vivo implantation experiment using dental pulp-derived cells with verified cell proliferation and differential potential on the surface of titanium in in vitro experiments, with the aim of clarifying improved bone-implant integration. This in vivo experiment with implantation of a cylindrical titanium implant was used to investigate the strength of the bone-implant integration with titanium implants 11, 38, 39) .
The mechanical strength of the bone-implant integration in the experimental group where cultured cells were infused into the implantation hole, was significantly greater than that of the control group at both 2 weeks and 4 weeks after implantation of a titanium implant in the rat femur. The mechanical strength was approximately 2 times that of the control group at 2 weeks after implantation, and approximately 1.5 times at 4 weeks after implantation. This is thought to be because the cultured dental pulp-derived cells transplanted into the implant site adhere to the surface of the implanted titanium implant, thus differentiating into osteoblast-like cells at an early stage and forming a bone-like tissue. In studies using bone marrow-derived stem cells and fat-derived stem cells it was reported that the growth factor and matrix secreted by the transplanted cells play an important role in tissue regeneration [40] [41] [42] [43] . In this study, it was thought that the growth factor and matrix secreted by the stem cells, including the cultured dental pulp-derived cells, exerted a paracrine effect and acted directly on the endogenous stem cells and precursor cells in the periphery. It is thus presumed that early bone formation occurred through the aforementioned factors promoting cell adherence to the titanium surface as well as cell migration.
Early integration of the implant fixation in the bone is extremely important as demonstrated by recent modifications to surgical procedures in implant therapy, including introduction of the immediate loading method and early loading method. In addition, if the bone quality at the implant site is fragile in the conventional procedure where a certain healing period is set after implantation of the implant, early bone-implant integration will not be achieved and a longer than normal healing period will be required. In cases that also require reconstruction with autologous bone grafts or artificial bone when there is insufficient bone density at the implant site, the quality of the reconstructed bone is often more fragile than the existing bone and generally requires a longer healing period 44, 45) . Various other risk factors including systemic diseases such as diabetes, smoking, and lifestyle diseases are also involved. These factors limit the application of implant therapy and it may reduce the success rate of implant therapy. Considering these factors, it is essential to further improve osseointegration. A variety of research has been implemented to achieve early and favorable osseointegration in implant therapy, including ultraviolet irradiation, storage in saline solution, and gamma ray irradiation 30, 46, 47) . In this experiment we clarified that the strength of bone-implant integration is improved and early establishment can be expected by using dental pulp-derived cells, which are relatively easy to obtain. Clinical application of this method may thus provide a new approach for the early stage of implant-bone integration in implant therapy. Future studies must focus on labeling the transplanted cells using GFP or nano-beads to investigate the detailed cell kinetics and metabolism within the body.
